The potential of mean force for the dissociation of a Ca-Cl ion pair in water is calculated from ab initio molecular dynamics simulations. The constraint-force method is employed to enhance sampling over the entire range of the reaction coordinate (Ca-Cl distance) from 2.2 to 6.5 Å. Particular attention is paid to equilibration of the system as it is found that the potential of mean force is highly sensitive to the hydration number of the Ca 2+ ion. The structure and polarization of hydration waters are examined in detail at three ion-ion separations of interest: the contact-ion position, the solventseparated-ion position, and the transition state between them. The ab initio results are compared to the classical ones obtained using the CHARMM force field and the parameters of Dang and Smith. There are substantial differences between the polarization of hydration waters of Ca 2+ and Cl − ions at all distances, which indicates that an accurate description of Ca-Cl dissociation with nonpolarizable force fields may not be feasible. The ab initio results presented here for the Ca-Cl ion pair complements our earlier results for Na-Cl, and together they provide useful benchmarks for polarizable force fields under construction.
I. INTRODUCTION
Ions in aqueous solutions play important functional roles in many biomolecular processes.
1 Therefore, accurate description of ion-water and ion-ion interactions is increasingly demanded in atomistic simulations of biomolecular systems. 2, 3 In classical molecular dynamics (MD) simulations using nonpolarizable force fields, these interactions are described by Coulomb and short-range Lennard-Jones (LJ) 6-12 potentials. For ion-water interactions, there are sufficient experimental data (e.g., radial distribution functions (RDFs) and hydration energies) to constrain the two LJ parameters. However, there are no experimental data for constraining the ion-ion interactions, which are obtained using ad hoc combination rules. As a result, there are substantial variations in ion-ion interaction parameters among various force fields. 4 To highlight the consequences of using different parametrizations, we give a few examples from aqueous CaCl 2 relevant to this study. Guardia et al. 5 developed an initial set of parameters to construct the potential of mean force (PMF) for the Ca-Cl ion pair, which led to a monotonically decreasing PMF with no contact minimum. Dang and Smith (DS95) (Ref. 6) developed an alternative set for the same purpose, which did yield a contact minimum in the Ca-Cl PMF. Finally, the parameters used in the popular CHARMM force field 7 are again different from the above two sets and lead to a much deeper contact minimum in the Ca-Cl PMF.
In the absence of any guidance from experiments or theory, it is difficult to choose among different sets of parameters. As a result, the ion-ion interaction parameters are mostly chosen according to the field of research. For example, among the physical chemistry papers focusing on properties a) Electronic mail: serdar@physics.usyd.edu.au.
of CaCl 2 solutions, the DS95 set is favored, [8] [9] [10] whereas the CHARMM parameters are preferred in MD simulations of calcium binding proteins. [11] [12] [13] One way to overcome the arbitrariness in ion-ion interaction parameters is to appeal to the higher level ab initio calculations. Ab initio simulations in the framework of Car-Parrinello MD (CPMD) (Ref. 14) have already been used in many studies to describe properties of monovalent and divalent ions in water. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] An interesting outcome of these studies is that the dipole moments of water molecules in the hydration shell of monovalent ions are slightly smaller than that of bulk water value whereas the opposite happens in divalent ions-their hydration waters have substantially higher dipole moments than the bulk value. This indicates that it will be especially difficult to describe divalent ions in MD simulations using nonpolarizable force fields with fixed dipole moments. Indeed problems have already been noted in MD studies of binding of Ca 2+ ions to proteins. [31] [32] [33] Such problems will hopefully be addressed with polarizable force fields, which are under construction. [34] [35] [36] It is expected that ab initio methods will play an even more important role in parametrization of the polarizable force fields.
A first step toward an ab initio description of ion-ion interactions has recently been taken by constructing the PMF for the Na-Cl ion pair in water from CPMD simulations. 37 This study follows a similar ab initio study of the dissociation of a methane pair in water. 38 An important finding of these studies is that rearrangements occurring in the solvation structure of the ions (or methanes) as they dissociate are relatively fast so that they can be sampled reasonably well in picoseconds CPMD simulations. Extension of the NaCl study to other monovalent ion pairs is straightforward and will be pursued in future work. A more challenging task is the construction of the PMF between a divalent and monovalent ion pair because the strong electric field of a divalent ion will slow down the rearrangement dynamics of solvation waters during dissociation, requiring more simulation time for equilibration. Here we perform CPMD simulations to study the dissociation of a Ca-Cl ion pair in water. The constraint-force method 39 is used to determine the PMF between the Ca 2+ and Cl − ions from the contact-ion pair (CIP) position to the solventseparated-ion pair (SSIP) position and beyond. The ab initio PMF is compared to the classical PMFs obtained using the CHARMM and DS95 parameters. To explain the substantial differences found between the ab initio and classical PMFs, we analyze and contrast the solvation structures at the CIP and SSIP minima and the transition state (TS) in between. The quantities considered include the coordination numbers, orientation of hydration waters, and their dipole moments.
II. COMPUTATIONAL METHODS

A. PMF calculations
The constraint-force method 39 is used in the ab initio PMF calculations. As it has been described in detail in earlier work, 37, 38 we give only a brief account here. Simulation windows are created at a number of ion-ion separations, r , which are fixed during the CPMD simulations. At each window, the constraint force, F(r ), required to fix the distance between the ions is recorded once every 10 timesteps (∼1 fs). The average effective force,F(r ), is determined from the time average of F(r ). This force is related to the radial derivative of the PMF via
where k B is the Boltzmann constant and the last term represents the entropic force arising from fixing the ion-ion distance. Integration of Eq. (1) yields for the PMF
where r 0 is a reference point for the PMF and C is a constant of integration chosen such that W (r ) vanishes at large r . For classical PMF calculations, where simulation time is not a problem, we use the simplest method possible. Namely, we run a sufficiently long MD simulation of the system with no additional biasing forces. The PMF, W (r ), is then obtained by calculating the RDF, g(r ), between the ion pairs and using
Here T is the temperature and r is the distance between the ions. The PMF results are also employed in calculating the binding free energy of the ion pair using
where 1/V is the standard concentration of 1 mol/l (V = 1661 Å 3 ), and r c is obtained from V = 4πr 3 c /3 as r c = 7.3 Å.
The hydration numbers are determined from the ionwater RDFs using a cutoff radius which corresponds to the first minimum in the RDF. From ab initio simulations, the cutoff radius is found as 3.2 Å for the Ca 2+ ion and 3.9 Å for the Cl − ion. In classical simulations with the CHARMM and DS95 force fields, the Ca-O RDF vanishes in an extended region from 3 to 3.5 Å, while the Cl-O RDF has a minimum at about 3.9 Å. Therefore, we have used the same cutoff radii in the classical simulations as in the ab initio simulations.
B. Ab initio simulations
Ab initio MD simulations of Ca-Cl dissociation are performed using the CPMD code. 40 Here the electronic structure is determined from density functional theory (DFT) by solving the Kohn-Sham equations, 41 and the nuclei propagate in this ab initio potential according to Newton's equation of motion. Only the valence electrons of each atomic species are included in the DFT calculations while the interaction of the core with the valence electrons is described by pseudopotentials. Norm-conserving pseudo-potentials are employed, Goedecker-type 42 45, 46 which has been found to provide an adequate description of aqueous systems. [47] [48] [49] [50] [51] The valence electrons in the Kohn-Sham equations are expanded in a plane-wave basis set with an energy cutoff of 80 Ry. The CPMD equations are integrated using the Verlet algorithm with a timestep of 4 a.u. (∼0.1 fs). The electrons are given a fictitious mass of 400 a.u.. Periodic boundary conditions are applied using simple cubic symmetry for the cell images. The temperature is maintained at 300 K using a Nosé-Hoover thermostat chain for the ions with a frequency of 1200 cm −1 .
52, 53
The simulation system consists of 62 water molecules, one Ca 2+ ion, and one Cl − ion in a cubic water box of side length L = 12.5 Å, which corresponds to a ∼0.9 M solution of CaCl. Explicit inclusion of the second Cl − ion would interfere with the PMF at larger distances and hence is not feasible for the present box size. Therefore, the total charge in the system is neutralized using a background charge. Recent CPMD simulations of an aqueous CaCl solution confirm that the background charge method mimics the presence of an ion. 25 Because of the small system size, an optimal configuration of the system is essential to obtain a reliable PMF at large distances. For example, taking the reaction coordinate along one of the axes would be the simplest choice but this would run into problems for r ∼ L due to the electrostatic interference from periodic images of the ions. Taking the reaction coordinate along the diagonal of the box minimizes such problems. The CIP position is expected to be the most well-defined configuration for the Ca-Cl pair, so we have chosen it for the initial setup of the system. Initially an approximate CIP distance of r = 2.65 Å is determined from a short (∼3 ps) constraint-free CPMD simulation of the system. The Ca 2+ and Cl − ions are then placed 2.65 Å apart, equidistant from the center of the box and aligned along a diagonal of the box. This system is first subjected to energy minimization and then equilibrated classically for 5 ns using the MD package NAMD (Ref. 54 ) with the CHARMM force field. During this classical equilibration phase, the coordinates of the ions are fixed.
The atomic coordinates obtained from the classical simulations are used as a starting configuration for the ab initio calculations. After optimizing the wavefunction using the Preconditioned Conjugate Gradient method, the geometry is optimized, keeping the ion coordinates fixed. The resulting set of atomic coordinates is used as the initial configuration for the r = 2.65 Å window and the starting point from which all the other windows are generated. The neighboring windows are generated via CPMD simulations where the reaction coordinate is increased (or decreased) at a constant rate of 0.33 Å/ps. With this method, 26 more windows are generated from 2.2 to 6.5 Å. In the CIP region (2.2-2.9 Å) where the potential changes rapidly, windows are separated by 0.1 Å (except for the initial window at 2.65 Å, which is in between the windows at 2.6 and 2.7 Å). Thereafter (2.9-6.5 Å), windows are generated at 0.2 Å intervals. To further avoid potential artifacts due to image ions getting too close to the sampled ions, the maximum ion-ion distance is limited to about half the box size .
After the generation of the initial configuration for each window, the wavefunction is converged to its BornOppenheimer surface. For each of the 27 windows, CPMD simulations are carried out for 23 ps while keeping the reaction coordinate, r , fixed. In order to account for equilibration, 5 ps of data are dropped from each simulation window, and the remaining 18 ps blocks of data are used for analysis. As will be discussed later, further CPMD simulations are performed for some of the windows near the TS region because slow dynamics of the solvation waters delayed equilibration.
C. Classical simulations
Classical simulations are performed using the NAMD package 54 for two sets of parameters-DS95 (Ref. 6 ) and the CHARMM force field, 7 which are commonly used in MD simulations of aqueous solutions and biomolecules, respectively. The DS95 set is optimized for SPC/E waters, 55 and therefore, SPC/E waters are used in the corresponding MD simulations. The CHARMM force field uses the TIP3P water model, 56 so TIP3P waters are used in the CHARMM simulations. The LJ parameters for each set are listed in Table I . They are derived for the following form of the LJ potential Lorentz-Berthelot mixing rules are used to calculate the parameters { i j , R min,i j } for mixed pairs of atoms from the { i , R min,i } values listed in Table I . The simulation system consists of a cubic water box of side length 50 Å containing 61 Ca 2+ ions, 122 Cl − ions, and 3738 water molecules. This corresponds to nearly the same ionic concentration as the ab initio simulations. The ions are given random initial positions with the provision that no ion is within 2 Å of any other. Simulations are run in the NpT ensemble at a constant temperature of 300 K. The temperature is maintained using a Langevin thermostat with a coefficient of 5 ps −1 and the pressure is kept at 1 atm using a Langevin piston with a damping time scale of 100 fs. Electrostatic interactions are computed using the particle-mesh Ewald method with a grid spacing of 1 Å. The LJ interactions are cutoff beyond 12 Å using a smooth switching function. The equations of motion are integrated using a timestep of 2 fs, and snapshots of the trajectory are saved at every 100 fs for analysis.
For each set of parameters, the system is first energy minimized for 3000 steps and then equilibrated for 500 ps. This is followed by 10 ns production runs. Upon analysis of the production data it is found that the system described by the DS95 set is not fully equilibrated. The depth of the CIP well in the PMF is not converged and a sharp increase in the Ca 2+ coordination number is seen approximately 3.5 ns into the production run. No such observations are made for the CHARMM parameters. Consequently, a further 5 ns of production data are collected for the DS95 set and the first 5 ns of production data are dropped. The resulting production data appear to be well-equilibrated. Li et al. observed a similar behavior in simulations of aqueous CaCl 2 using the DS95 set of parameters. 10 Although their system was substantially smaller (4 Ca 2+ ions, 8 Cl − ions, and 222 water molecules), they nonetheless found that several ns of equilibration were required to converge the Ca 2+ coordination number. This behavior can be understood by inspecting the CaCl PMFs predicted by the respective force fields (see Fig. 3 ), which shows that the CHARMM force field has a deeper CIP minimum compared to SSIP whereas the opposite is true for DS95. Thus, populating the contact pairs takes a longer time in simulations using the DS95 force field.
III. RESULTS AND DISCUSSION
A. Ab initio PMF for Ca-Cl dissociation
A straightforward analysis of the CPMD data reveals that 18 ps of production data following 5 ps equilibration have not yielded a converged and physically meaningful PMF no matter which criteria one uses. Increasing the equilibration time above 5 ps (up to 18 ps) does not improve the situation, indicating that further brute-force simulation of the system is not likely to resolve the problem. As already stressed, the strong electric field of the Ca 2+ ion is expected to slow down dynamics of solvation waters during dissociation, which is the most likely source of the convergence problem. To quantify this statement, we examine the coordination number of the Ca 2+ ion, n(Ca), in all windows. Over the course of the entire CPMD data (23 ps × 27 windows), only two values of the Ca 2+ coordination number are found; n(Ca) = 5 or 6. Moreover, n(Ca) is always 5 for r < 3.70 Å and always 6 for r > 5.10 Å. In between, all windows begin with n(Ca) = 5, but after a seemingly random amount of time, the Ca 2+ ion picks up a sixth water molecule in all windows except two (see Table II for transition times). In all cases this sixth water remains in the coordination shell of the Ca 2+ ion until the end of the 23 ps simulation.
The above analysis of the coordination numbers suggests that the problem is caused by the slow dynamics of the solvation waters in the region 3.7 ≤ r ≤ 5.1. To assess the effect of the coordination number on the average force and the PMF, we divide the data into two parts according to whether n(Ca) = 5 or 6 in those windows where n(Ca) changes. For each part, the first 5 ps of data are dropped for equilibration and the average force is calculated from the remaining data (except for r = 4.7 Å where 1 ps is dropped for equilibration out of 4 ps of data). For all other windows where n(Ca) does not change (including r = 5.1 Å where n(Ca) changes very quickly), the average force is calculated from the 18 ps of data after dropping 5 ps for equilibration. The results plotted in Fig. 1 clearly show the big impact of the coordination number Fig. 1 . The same nomenclature as in Fig. 1 is used, i. e., the PMF results with n(Ca) = 5 (dotted line) and n(Ca) = 6 (dashed line) are from the initial 23 ps data, and the solid line shows the final PMF which is obtained using n(Ca) = 6 for r > 3.5 Å. The PMF data points are joined using a cubic spline.
on the average force. For n(Ca) = 5 (dotted line), the force in the region 3.7 ≤ r ≤ 5.1 is mostly attractive or near zero but it becomes repulsive after the transition to n(Ca) = 6 occurs (dashed line). This graph also identifies the two windows at r = 3.9 and 4.5 Å as problematic because sharp changes from attractive to repulsive forces within 0.2 Å are not likely to be physical.
The PMFs obtained by integrating the average forces in Fig. 1 are shown in Fig. 2 . The constant C in Eq. (2) is arbitrarily chosen such that the PMF vanishes at the furthest sampled point, r = 6.4 Å. The impact of the coordination number on the results is revealed even more dramatically in the PMF. For n(Ca) = 5 (dotted line), there is no transition barrier in the PMF between the CIP and SSIP positions, the latter itself being poorly defined. More importantly this PMF will lead to a bound Ca-Cl pair in contradiction with experiments. The n(Ca) = 6 PMF (dashed line) does not suffer from these problems, and appears reasonably well-behaved, despite the presence of the two problem windows. Comparison of the average forces in Fig. 1 and the PMFs in Fig. 2 clearly show that the entrance of the sixth water molecule into the coordination shell of the Ca 2+ ion is the event that triggers the breaking of the chemical bond and the dissociation of the salt molecule.
In the light of the above observations, we have performed additional CPMD simulations of the system for the intermediate windows listed in Table II . First, for the two windows at r = 3.9 and 4.5 Å where no transition occurs from n(Ca) = 5 to 6, we have generated new configurations with n(Ca) = 6. This is achieved using the same method as before to generate the initial configurations but changing the starting configurations at r = 3.7 and 4.3 Å from the original to those obtained at the end of the 23 ps simulations, which already have n(Ca) = 6. After the initial configurations are generated at r = 3.9 and 4.5 Å, CPMD simulations are run for 15 ps. In both cases, the six-fold hydration shell remains stable throughout. Second, we have continued the CPMD simulations further for the remaining windows in Table II so that there are at least 15 ps of data with n(Ca) = 6 in each case. Again in all cases, six-fold solvation is retained throughout with no relapse to n(Ca) = 5. For the r = 3.7 Å window, where the transition from n(Ca) = 5 to 6 is first observed, we have performed an extra 10 ps of CPMD simulation to check its stability. No changes have occurred. Thus, the r = 3.7 Å window has maintained the n(Ca) = 6 solvation structure for an entire 25 ps. These results strongly suggest that for r ≥ 3.7 Å, n(Ca) = 6 is the dominant solvation configuration.
A final question to address is whether the transition from n(Ca) = 5 to 6 could occur for r ≤ 3.5 Å. This is critical because the results in Figs. 1 and 2 indicate the TS position is determined by this transition. A straightforward extension of the CPMD simulations for the relevant windows is not likely to answer this question. Therefore, we perform the reverse of the process done for the r = 3.7 Å window above. That is, we start with the last frame of the r = 3.7 Å window, which already has n(Ca) = 6, and reduce r to 3.5 Å. After 5.8 ps CPMD simulations with the ions constrained to r = 3.50 Å, the sixth water molecule is ejected from the Ca 2+ coordination shell and n(Ca) = 5 solvation is retained for the next 2.5 ps. Given that no transition from n(Ca) = 5 to 6 is observed in the initial 23 ps CPMD simulation but the reverse transition occurs in 5.8 ps, n(Ca) = 5 appears to be the most likely solvation number at r = 3.5 Å. Pushing this process one step further, we have attempted to generate a configuration with n(Ca) = 6 at r = 3.30 Å from the r = 3.50 Å window with n(Ca) = 6 using the same method. In this case the sixth water molecule is ejected from the Ca 2+ hydration shell while the ions are being pushed together, indicating that during an actual dissociation process the ions have to move more than 3.30 Å apart before the sixth water molecule can penetrate the coordination shell of the Ca 2+ ion. The extra CPMD simulations convincingly demonstrate that the transition from n(Ca) = 5 to 6 occurs around 3.5-3.7 Å. This increase in the coordination number has a big impact on the average force, and unless the system is equilibrated properly to get the correct solvation number for Ca 2+ around the TS region, it would be impossible to obtain a reliable PMF. To make this point more clearly, we use all the available CPMD data to calculate the average forces before and after this transition for the windows between 3.7 and 5.1 Å (Table II) . To account for equilibration, 5 ps of data are dropped in the calculations (except for r = 4.7 Å as pointed out before). The n(Ca) = 6 data are shown in Fig. 1 with a solid line. Dividing the data on the basis of Ca 2+ coordination number clearly shows that the entry of the sixth water changes the nature of the average force completely, turning it from a mainly attractive force to a purely repulsive force.
The PMF obtained from the average force with n(Ca) = 6 and using the extra data is shown in Fig. 2 with a solid line. The large differences in the average force between 3.7 and 4.7 Å are seen to lead to very different PMF profiles. As discussed before, the PMF with n(Ca) = 5 (dotted line) is unphysical. Using n(Ca) = 6 where possible in the original CPMD data (dashed line) has greatly improved on this PMF although there are clear problems with the average force in some of the windows. With the additional CPMD simulations, these problems have been resolved, leading to a more refined and reliable PMF (solid line). In particular, changes from attractive to repulsive forces at r = 3.90 and 4.50 Å produce a more pronounced energy barrier separating the CIP and the SSIP minima. They are also responsible for raising the energy of the CIP minimum relative to bulk, which is important for the dissociation of Ca-Cl in water.
B. Polarization of hydration waters during dissociation
An important issue for description of ion-ion PMFs using nonpolarizable force fields is whether the dipole moments of hydration waters change significantly during the dissociation process. To address this question, we calculate the dipole moments of hydration waters using the centers of maximally localized Wannier functions (MLWFs). MLWFs are constructed by iteratively minimizing the spread of the Bloch orbitals which are obtained via a unitary transformation of the orbitals calculated during the CPMD simulations. Forty frames taken from the final 10 ps of production data-sampled at every 250 fs-are used to determine the MLWFs. The dipole moment of each water molecule in the hydration shell of the Ca 2+ and Cl − ions is calculated using the formula
where the first sum is over the O and H atoms which are at positions R n and have core charges Z n e, and the second sum is over the centers of the four MLWFs at positions r i with charges −2e.
The average dipole moments of water molecules in the hydration shells of the ion pair are listed in Table III at the CIP, TS, and SSIP positions. As one would expect, the double charge of the Ca 2+ ion strongly polarizes its first shell of waters. For example, at the TS position the average dipole moment is almost double the gas-phase value of 1.85 D, and 0.5 D above the bulk water value of 3.0 D. The somewhat smaller polarization observed at the CIP position can be explained by the fact that the hydration waters are squeezed into a smaller volume, which increases the unfavorable dipoledipole interactions. At the SSIP position, the dipole moment of hydration waters is already commensurate with that in bulk, where the ions are well separated. Thus, the effect of the Cl − ion on the polarization of Ca 2+ hydration waters is slightly negative at contact, slightly positive at the TS and negligible once they are separated by one water molecule. Interestingly, the hydration waters of the Cl − ion are perturbed to a much lesser extent by the presence of the Ca 2+ ion, and the largest (positive) effect occurs at the SSIP position. Water molecules that coordinate both ions (the row "shared") are also strongly polarized, consistent with the expectation that the Ca 2+ ion provides the dominant interaction for these waters. At the CIP and TS positions, the dipole moments of the shared waters track closely those of Ca 2+ waters. At the SSIP position, the Cl − ion causes a slight drop in the dipole moment of the shared water molecule by reorienting one of its O-H bonds (see Table VI below) .
Comparing the present results for Ca-Cl with those of Na-Cl, 37 we see that the variations in dipole moments with ion-ion distance are somewhat more pronounced in the present case but still not large enough to cause problems in modeling with nonpolarizable force fields. A bigger cause for concern is the large difference in the dipole moments of hydration waters of Ca 2+ and Cl − ions, which can only be addressed by including the polarization interaction in the force fields.
C. Comparison of ab initio and classical PMFs
In Fig. 3 , we compare the ab initio PMF to the PMFs obtained from the classical MD simulations using the CHARMM force field and the DS95 parameter set. The classical PMFs are calculated via Eq. (3) from the RDFs. They are extended to 10 Å where they become flat, and this region is used in setting the zero of the potential. As this is not possible for the ab initio PMF, we have aligned it with the CHARMM PMF in the far region where they match quite well. To enable a more quantitative comparison of the PMFs, we list in Overall, the CHARMM PMF does a much better job in tracking the ab initio PMF than the DS95 PMF. In particular, it has the correct CIP position and almost overlaps with the ab initio PMF after the TS barrier. Its main shortcomings are a deeper CIP minima and a more extended TS barrier region. The former problem can presumably be resolved by adjusting the LJ parameters but the latter is more likely to arise from solvation dynamics, which requires inclusion of the polarization interaction for resolution. The lower CIP minimum is also responsible for the small but non-negligible binding energy calculated from the CHARMM PMF. The binding energy calculated from the ab initio PMF is consistent with the experiments that predict a dissociated Ca-Cl pair at 1 M [solubility limit of aqueous CaCl 2 at room temperature is 7.5 M (Ref. 57) ].
Compared to the CHARMM PMF, the DS95 PMF is shifted to the left by 0.3-0.4 Å, which is a direct consequence of using larger R min parameters in the LJ potential (see 34 (13) 23 (14) 28 (14) 22 (13) 16 (9) 17 (7) 16 (7) 17 ( (20) 18 (14) 16 (14) 16 (13) 27 (19) 34 (26) 29 (22) 19 (11) Shared-Ca 2+ 27 (14) 17 (10) 19 (11) ... 16 (7) 19 (8) 16 (7) ... Shared-Cl − 84 (16) 78 (22) 11 (4) ... 91 (11) 65 (17) 18 (11) ... Table I ). Because the CIP position is reasonably well determined from the experimental data, the DS95 set does not provide very realistic parameters for the description of aqueous Ca-Cl. Interestingly, despite all the differences of the DS95 PMF from the CHARMM PMF-in particular, having a higher energy at the CIP minimum than the SSIP minimumthe DS95 PMF also predicts a similar binding energy. It appears that the loss to the binding energy from the higher CIP minimum is compensated by the wider basin of the SSIP minimum, which is favored by the r 2 factor in Eq. (4). This highlights the dangers of using only the binding energies in constraining the pair potentials.
D. Solvation structure during dissociation
Here we provide a microscopic analysis of how the solvation structure changes during the dissociation process. This will be helpful in understanding the nature of the discrepancies between the ab initio and classical PMFs, and provide hints on how they can be improved. We first consider the variations in the hydration numbers. The average coordination number of each ion at the CIP, TS, and SSIP positions obtained from the ab initio and the classical MD simulations are given in Table V . The bulk values corresponding to large separations of the ion pair are also listed. Both classical force fields overpredict the coordination numbers of the ions, which gets worse with increasing ion-ion distance. Performance of the DS95 set is slightly worse than CHARMM-especially at the CIP position-because the larger contact separation allows more waters in the solvation shells of the ions. The main shortcoming of the CHARMM force field is the overcoordination of the ions in bulk by one extra water molecule for Ca 2+ and two extra waters for Cl − ion. Bringing the ions together reduces the available solvation volume and thus helps to reduce the scale of the problem. Overcoordination of ions is a common problem in nonpolarizable force fields as has been noted in several ab initio simulations of ionic solutions previously. 21, 24, 25 Lack of polarization reduces the dipole moments of hydration waters, which cuts down the repulsive dipole-dipole interaction among them, and thereby allows the ion to attract more waters in the solvation shell. 27 Another important quantity to consider is the orientation of the hydration waters. The average angular distribution of water molecules in the coordination shells of the ions are given in Table VI waters in CHARMM whereas a relatively large perturbation is observed in CPMD. These can again be traced to the weaker dipole-dipole interactions in the nonpolarizable force fields, which allow the strong electric field of the Ca 2+ ion to dictate the orientation of the hydration waters and suppress their fluctuations. There is no such systematic pattern for the Cl − ion so it is harder to explain the differences between the ab initio and classical results. The opposite trend in alignment compared to Ca 2+ is presumably due to the overcoordination of the Cl − ion in CHARMM simulations which limits the alignment of the O-H vector along the O-Cl − vector. Table VI also sheds light on the nature of the shared water molecules. Comparing the angles for shared waters with those of unshared ones, we see that they are quite similar for the Ca 2+ ion but very different for Cl − , especially at the CIP and TS positions where there are two to four shared waters. Note also that the same trend is observed in both ab initio and classical simulations. Thus, the orientation of the shared waters is exclusively determined by the Ca 2+ ion, with Cl − playing the role of a spectator. The sudden change in the shared-Cl − angle at the SSIP position can be understood in terms of the space available to the shares waters. At the CIP and TS positions, water molecules coordinating both ions do not have enough room to orient their dipole moments along the electric field of the Ca 2+ ion as well as point one of their H atoms towards the Cl − ion. At the SSIP position, however, the space restrictions are lifted and both ions contribute to the orientation of the shared water molecule equally well. As a consequence of this, the orientation of the shared waters becomes more stable at SSIP compared to the other positions (i.e., fluctuations are suppressed).
IV. CONCLUSIONS
The first ab initio calculation of the PMF for the dissociation of a Ca-Cl ion pair in aqueous solution have been presented. Compared to the previous ab initio study of Na-Cl dissociation, 37 where equilibration of the system was straightforward, equilibration of the present system has been much more challenging. Only by considering hydration numbers as a criterion has it been possible to obtain a converged PMF which is physically sensible. We find that the Ca 2+ ion is coordinated by five waters at the contact minimum and six waters at the SSIP position and beyond. Our force calculations show that the dissociation process is driven by the entrance of a sixth water molecule into the coordination shell of Ca 2+ at about 3.5 Å, which changes the attractive force between the ions to a repulsive one and thereby determines the position of the TS in the PMF. To the best of our knowledge, this is the first explicit demonstration of the critical role played by a water molecule in initiating the dissociation of an ion pair. The sharpness of the transition is, no doubt, enhanced by the presence of a divalent ion. Examination of the previous results on the dissociation of Na-Cl shows that while the hydration numbers increase with distance, there are no sharp transitions as observed here-presumably washed out by the large fluctuations in n(Na) and n(Cl). It will be interesting to see whether a similar mechanism operates in dissociation of other divalent ions.
The ab initio PMF is compared to the PMFs obtained from two commonly used classical force fields for aqueous CaCl 2 : CHARMM and DS95. The CHARMM PMF reproduces the CIP and SSIP positions quite accurately and matches the ab initio PMF beyond the TS position rather well. It has problems in the CIP-TS region, which are likely to arise from the overcoordination of the ions and lack of polarization. In the case of DS95, the contact distance is overestimated which results in shifting of the whole PMF to the right relative to the other PMFs. Overall, CHARMM provides a more realistic parametrization for aqueous CaCl 2 and should be preferred over DS95 in classical MD simulations (that is, until the polarizable force fields become available).
The results of this study serve as evidence that the current nonpolarizable force fields cannot provide an accurate description of aqueous CaCl 2 . An obvious difficulty in describing a mixed system like this with fixed dipole moments is that the hydration waters have very different polarizations for monovalent and divalent ions (cf. Table III) . For comparison, we note that the dipole moments of hydration waters between Na + and Cl − ions differ by 1-2%. 37 Thus, the main problem for the Na-Cl system is the overcoordination of the ions, which may be surmounted without including explicit polarization. However, in the case of Ca-Cl, there is the extra problem of different polarization of hydration waters, which can only be resolved by including the polarization interaction. We hope that the ab initio results presented here for Ca-Cl, and in a previous study for Na-Cl, will be helpful in construction of polarizable force fields for ion-ion interactions.
